Abstract. The leading questions in today neutrino physics concern the transformation properties of neutrinos under charge conjugation, the lepton number conservation hypothesis and the values of neutrino masses. The answers can be obtained if the neutrinoless double beta decay, 0ν2β, is observed and its rate is measured. The mere observation of the process proves the Majorana nature of neutrinos as well as the violation of the lepton number conservation, while the rate is a sensitive measure of the neutrino mass. The search for this effect at present concerns mainly the double β − decay. This paper describes the recent proposal to search for the neutrinoless radiative double electron capture as an attractive alternative to the double β − decay. It is shown, moreover, that the same information which is expected from the 0ν2β studies can in principle be also obtained from experiments using intense νe beams produced by radioactive ions decaying in flight (the "beta beams"). 
Introduction
The discovery of lepton flavour mixing for neutrinos, the so-called neutrino oscillations, has put the neutrino physics in the lime-light of interest of particle, astro-particle and nuclear physics. Although the number of answered questions is impressive, so is the shopping list of essential queries. Thus we know that there are three and only three kinds of weakly interacting neutrinos, we know that neutrinos are massive, we know the splittings between square masses. This paper considers some possibilities of getting answers to three of the remaining questions: the absolute mass values, the lepton number conservation and the neutrino-antineutrino identity.
The present limits on the mass values stem mainly from three sources: the cosmologic one, giving the sum of the three neutrino masses in a strongly model-dependent way (see, e.g., [1] ), the direct measurement [2] of the end point of the 3 H β − spectrum (m νe ≤ 2.2 eV) and the neutrinoless double β decay 0ν2β (m νe < 0.3-1.0 eV, where the range reflects the large nuclear matrix element uncertainty [3, 4] ; a claim for having observed the effect corresponding to (0.2-0.6) eV neutrino mass value is made in [5] ; see [3] for comments). It should be emphasized that the mere observation of this decay will provide unambiguous answers to the next two questions: it will prove the a e-mail: sujkowsk@ipj.gov.pl Majorana nature of neutrinos as well as the violation of the lepton number conservation law.
After briefly reviewing the 0ν2β method in general we shall concentrate on the recent suggestion of studying the radiative neutrinoless double electron capture as an attractive alternative to the double β − emission [6, 7] . We shall also outline the possible experiments with beta-beam based neutrino factories. We shall show that the information obtainable from such experiments is at least in principle equivalent to that from the double beta decay.
The neutrinoless double beta processes
The double beta decay processes are very slow. They are observable only in cases for which the single β ± or EC decays are energetically forbidden. We may distinguish the following decays:
If neutrino is a massive Majorana particle then the first three processes can proceed without neutrino emission: the neutrino emitted in one weak interaction vertex is absorbed in the other one and only the β − or β + electrons are emitted. These carry out the total energy excess. The double electron capture decay is not possible without an extra energy carrier. The most obvious one is a single photon radiated by one of the captured electrons. This is the radiative neutrinoless double electron capture, see fig. 1 , discussed in some details below. The value to be determined in any of the 0ν2β processes is the rate. This is a sensitive measure of the neutrino mass. To a good approximation the rate can be factorized:
where G(E, Z) is the phase space factor which can be calculated rather accurately, M is the nuclear matrix element, not so easy to calculate, and X is proportional to the effective neutrino rest mass. For a detailed discussion of the 0ν2β processes, and especially of the best studied 0νβ − β − one, we refer the reader to recent reviews [3, 4] . Below, we return to the radiative neutrinoless double electron capture, 0νECECγ. The process is possible due to the admixture of neutrinos of opposite helicity. The amplitudes of these admixtures are proportional to the neutrino rest mass. It should be noted that because of the angular momentum conservation requirement the process precludes the capture of two 1S electrons. It is either the 1S + 2S electrons (the magnetic type transition) or the 1S +2P electrons (the electric dipole transition). It is the second case which is of particular interest because of the possible atomic resonance enhancement of the rate.
The theory of radiative single electron capture has been given by Glauber and Martin in the fifties [8] . The continuous photon spectra of this internal bremsstrahlung process exhibit an interesting structure in the case of the 2P (or 3P ) electron capture: there is a singularity at the photon energy equal to the 1S-2P or 1S-3P atomic level energy difference. This prediction has been confirmed experimentally for several cases (cf., e.g., [9] ). The same approach can be applied to the 0νECECγ case. Figure 2 shows the Feynman diagram for such a resonance situation. The process can be visualised as follows: after the second 1S electron is virtually captured, the system lives long enough for one of the 1S holes to be filled by the 2P electron. The resonance condition is fulfilled if the energy of the resulting Kα X-ray transition coincides with the energy available for the internal bremsstrahlung photon. The rate can be expressed [6] as
where Q is the available bremsstrahlung energy Q res (Z − 2) is the Kα X-ray energy in the daughter atom and Γ r is the natural width of the X-ray transition in the presence of an additional 1S hole (the width of a hypersatellite transition, of the order of 100 eV in heavy atoms). Figure 3 shows the rate of the 0νECECγ process in vicinity of the resonance. The enhancement attainable in heavy emitters may reach in favourable cases several orders of magnitude. This more than compensates the usual retardate of a radiative process. For details of the theory of the 0ν radiation double electron capture we refer to [6, 7, 10, 11] . Here we can mention that the process has several experimental advantages, the most important of which being the precious coincidence trigger. The trigger
